Abstract
original tomographic image has a non-negligible impact on the evaluation of the permeability tensor.
62
The same approach of using combined high-resolution imaging and numerical simulations has also 63 been used by other researchers in the area of stochastic reconstuction (Øren and Bakke, 2002; Politis 64 et al., 2008) and other fields such as fuel cells (Litster et al., 2013; Sabharwal et al., 2016) . In stochastic were ranging between 30.5% and 35% (average 33%) and from 8 to 12 mDa respectively. Porosity was 87 measured by Helium expansion and NMR, while permeability was calculated by injecting low-salinity 88 brine (1 NaCl) through rock cores at room temperature and Confinement pressure of 10 MPA, and using
89
Darcy's law (Lamy-Chappuis, 2015) . Mean pore diameter observed from Scanning Electron Microscope 90 (SEM) images is 100 µm. Further details on the morphology of this rock can be found in Lamy-Chappuis 91 et al. (2014) .
92
The second rock formation studied is a carbonate of late Cambrian age. This was cut from an with microporosity (< 20 µm) within grains (Haines et al., 2015) . As with many carbonate samples, the 99 pore system is heterogeneous. Porosity of 15.98% and permeability of approximately 1500 mDa were 100 measured on a 4.48 cm in length and 2.53 in diameter core plug. A Coberly-Stevens porosimeter was 101 used to measure the He-porosity on the core plug at ambient temperature and pressure conditions. He-102 porosity was calculated using the method outlined in Haines et al. (2015 Haines et al. ( , 2016 . A Jones Nitrogen permeameter was used to calulate steady-state permeability on the same core plug according to Darcy's 104 Law, by measuring the flow rate of nitrogen through the core plugs at ambient temperature and pressure, 105 using the method described in Haines et al. (2016) . A specimen was then manually detached from the 106 core plug and scanned.
107
CT imaging of the sandstone sample was carried out using a µ-CT scanner housed in the Department 108 of Mechanical Engineering, University of Leeds, at 5 and 10 µm pixel resolution (Lamy-Chappuis, 2015) .
109
The carbonate sample was scanned using Zeiss XRadia Versa 410 microscope with a 140kV/10W X-rays 110 source housed in the School of Engineering, University of Aberdeen, at pixel resolution of 8.3 µm and 111 the field of view covering 16.6 x 16.6 x 16.6 mm (see Fig. 2 ). Acquisition of 2D and the reconstruction 112 of 3D images was performed using the software supplied by the respective manufacturers. The latter 113 step involved applying an optimum pixel shift in order to compensate for a slight miss-alignment of the 114 centre of rotation for the sample bottom and top, and an optimum beam hardening constant in order 115 to minimise the effect of beam hardening. Both stages of the process were first done automatically and 116 then checked visually to make sure that the reconstructed pore space does not contain any artefacts.
117
Manual thresholding of the reconstructed 3D images, with threshold level firstly determined using Otsu's 118 method (Otsu, 1975) and then adjusted in such a way to match the experimentally measured porosity,
119
produced 3D binary models consisting of void and solid voxels. A final visual inspection was conducted 120 to verify that the pore space was segmented correctly. Different sub-samples were then extracted from 121 these initial binary images and used as FV meshes. For the sandstone, sub-samples from three different keeping a fixed origin point and considering cubic volumes of increasing size centered at this point.
124
A list of all the sub-samples considered in this study is given in Table 1 while Fig. 3 shows an example 125 of the reconstructed microstructures for both the rocks. 
The two-point correlation function Z 2 is defined as the probability that two points separated by a distance 129 r will both lie in the pore space and is mathematically given by (Berryman, 1985; Berryman and Blair, 130 1986)
(a) (b) Figure 3 . Reconstructed 3D digital images of the samples CBsandstone1a (a) and Carb300 (b) where angle brackets denote superficial volume averaging over all positions x and Z 2 (0) = φ. The two-
132
point correlation for a 2D digital image is computed using the one-dimensional isotropic method by
133
Berryman (1985) . The discrete form of eq. (2) for progressive one-pixel increments k is given by
where N is the number of pixels along each side of the image and the discrete function Z 2 (m, n) has the
where i max = N − m, j max = N − n and N max = i max j max . The procedure is schematically illustrated in to the 3D case is straightforward, with eqs. (3) and (4) which modify as follows Figure 4 . Schematic of the method employed for computing the one-dimensional isotropic two-point correlation function Z 2 (k) on a 2D digital image (Berryman, 1985) . The discrete two-point correlation function Z 2 is computed at triangular points located along the perimeters of circles centered at the reference point. The circles radii are 1 pixel (k=1), 2 pixels (k=2), etc.
where
is computed using trilinear interpolation 147 from the 8 closest nodes when the discrete point does not coincide with a lattice node.
148
This correlation function has the relevant feature that many physical properties of the porous material,
149
such as porosity φ, pore-grain specific surface area s and effective pore size r c , can be obtained from it.
150
Berryman and Blair (1986) showed that
152
where χ is 4 for 2D and 6 for 3D images (Yeong and Torquato, 1998) 
where m 1 is a constant depending on the pore shape (2 for circular tubes and 3 for cracks) and F is the 160 electrical formation factor which can be estimated using the relationship given by Archie et al. (1942) 161
where m 2 is a constant ranging between 1.8 and 2 for sandstones. and (6), while the 2D curves are computed using (3) and (4 
172
The same analysis has been conducted on the carbonate images. The computed two-point correlation
173
fucntions are shown in Fig. 6 . As for the CB samples, the 2D curves show an oscillatory behaviour which 174 is progressively damped with increasing the size of the sample. However, existence of an REV and REA
175
for this rock remains undetermined, due to the significant variability of the carbonate pore system. This 176 heterogeneity is made clearer by plotting the predicted mean pore radius, computed using eq. (9), as 
185
The range of predicted pore radius <60-130> µm corresponds to mean pore diameters of <120-260> The Stokes equations of creeping flow for incompressible fluids are written as
206
where u is the velocity vector, p is the pressure, ρ and µ are the fluid density and viscosity respectively,
207
and g is the acceleration of gravity vector.
208
We solve the incompressible Stokes equations using the FV-SIMPLE algorithm by Patankar (1980) 209 on non-staggered grids. 5. 
Results

227
We present here results of the simulations carried out on the three dimensional images listed in Table   228 1. Boundary conditions consist of an applied pressure gradient along the main direction, symmetry at 
235
Permeability is then predicted from the computed fluid flow using Darcy's law as follows:
where Q is the flow rate, A is the area of the face normal to the flow, µ is fluid viscosity and ∆p/L 237 is the applied pressure gradient. For a structured cubic grid of characteristic size L = N ∆x and area 238 A = N 2 ∆x 2 , permeability is calculated as
where u j is the velocity component in the direction of the flow and the sum is over all the pore cells on a 
where K max > K int > K min are the three components of the permeability tensor along the three 246 orthogonal directions x, y, z, sorted in descending order.
247
The predicted permeability values are listed in 
Comparison of different permeability estimates
255
We present here a comparison of all the available permeability estimates for the two rock formations 256 considered. Fig. 14 shows the estimated values plotted against the experimentally determined value, 257 the latter measured on the larger core plugs. The FV value has been computed as mean value of the 3 258 components listed in Table 2 , while the KC value has been calculated using eq. (10). An estimated value 259 from LBM simulations is also available for the CB sandstone only (pers. comm.).
260
For the carbonate sample, the measured permeability (∼1500 mDa) is roughly twice as much the 261 average FV value of ∼850 mDa computed for the largest sample Carb500, while is roughly half the average 262 FV value of ∼2800 mDa computed for the smaller Carb400 sample. This inconsistency is probably due to Finally, the KC equation fitted with the specific surface area value estimated using statistical corre- (Archie et al., 1942; Walsh and Brace, 1984) produced permeability values ranging 284 from 1230 to 2360 mDa. The lower limit is very close to the average numerical permeability of 940 mDa.
285
A perfect fit could be obtained for values of m 1 and m 2 equal to 3.1 and 2.2 respectively, or, working on 286 m 2 only, to 3 and 2.22. This latter result also shows how eq. (10) is more sensitive to m 2 than m 1 . This 287 is because m 2 is related to the formation factor, which is a key quantity describing the pore-structure of 288 a rock, while m 1 depends on the shape and roughness of the pores, and can always be reasonably taken 289 as equal to its upper limit. For the carbonate, the analysis is similar. For the sample Carb400, using The traditional convergence criterion for the SIMPLE algorithm utilizes the continuity imbalance, the average flow rate Q as follows:
and to terminate the computation when NCI is less than a given tolerance λ. Alternatively, a general 301 stopping criterion based on the reduction of the residual can be used (Ferziger and Peric, 2012 balance (Whitaker, 1986) .
309
Let us write the momentum equation (13) integrated over a control volume V having boundary area
310
A as follows:
where n is the unit normal pointing outwards the surface and B accounts for body forces. Considering (12)- (13).
321
Hence, the proposed convergence criterion consists on monitoring the Relative Error in the Bulk
322
Momentum Balance (REBMB) defined as
This new criterion has the major merit of giving a clear physical interpretation of the approximate 324 solution, i.e. how close one is to satisfy the bulk momentum balance and therefore how confident one can 325 be in using Darcy's law for predicting the absolute permeability. This makes the criterion particularly 326 useful for pore-scale modelling of reservoir rocks.
327
To test the new convergence criterion, we performed a test on the sample CBsandstone1b. Results
328
are shown in Fig. 15 . We monitored four quantities: the normalized average residuals of the momentum scales. This can be subject of a future more comprehensive study.
368
Finally, we presented a new convergence criterion for the SIMPLE algorithm, and more generally for indicator is effectively used in combination with classical normalized residuals.
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